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(54) Impact resistant hollow airfoils 

(57) A hollow airfoil (34) for a gas turbine engine 
having a leading edge (50), a trailing edge (52), a pres- 
sure side (54), and a suction side (56) includes a solid 
region of enhanced chordal thickness (78), and but- 



tresses (82, 84, 86, 88). The present invention airfoil is 
preferentially strengthened so as to reduce the risk of 
airfoil fracture due to impact of airfoil with successive 
airfoils during an airfoil loss condition. 
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Description 



[0001] The present invention relates to gas turbine 
engines, and more particularly, to hollow airfoils for a fan 
m the engine designed to reduce airfoil fracture during 
a blade loss condition. 

[0002] During operation of a gas turbine engine the 
fan thereof draws the working medium gases, more par- 
ticularly air, into the engine. The fan raises the pressure 
of the air drawn along the secondary flow path, thus pro- 
duc.ng useful thrust. The air drawn along the primary 
flow path into the compressor section is compressed 
The compressed air is channelled to the combustor sec- 
tion, where fuel is added to the compressed air and the 
air-fuel mixture is burned. The products of combustion 
are discharged to the turbine section. The turbine sec- 
tion extracts work from these products to power the fan 
and compressor. Any energy from the products of com- 
bustion not needed to drive the fan and compressor con- 
tributes lo useful thrust. 

[0003] One critical concern in the fabrication of gas 
turbine engines is the overall weight of the engine Ex- 
cessive weight in the components of the gas turbine en- 
gine limits the useful load the engine can power and re- 
duces the flight range capability of the aircraft. Thus it 
is a goal of the gas turbine engine industry to minimize 
the overall weight of the engine without sacrificing the 
performance or durability thereof. 
[0004] It is this effort to minimize the overall weight of 
the gas turbine engine that has led the industry to the 
use of hollow fan blades. Each hollowfan blade typically 
includes two outer skins joined at both the leading and 
trailing edges and defining a hollow interior cavity ther- 
ebetween. The hollow interior cavity has a plurality of 
internal spanwise and chordwise stiffening ribs dis- 
posed therein which further divide the interior into a plu- 
rality of hollow cavities. 

[0005] Federal Aviation Administration (FAA) certifi- 
cation requirements for a bladed turbofan engine spec- 
ify that the engine demonstrate the ability to survive fail- 
ure of a single fan blade at a maximum permissible ro- 
tational speed, such failure being hereinafter referred to 
as the "blade loss condition". The certification tests re- 
quire containment of all blade fragments and the safe 
shutdown of the engine. The ideal design criterion is to 
limit the damage caused by the single released blade 
such that the released blade should not cause any other 
blade to fracture and be released. Impact loading on the 
containment casing and unbalanced loads transmitted 
to the engine structure are then at a minimum. If fan im- 
balance becomes too great, loss of the entire fan, en- 
gine or engine support structure can result. 
[0006] The certification test method includes inten- 
tionally releasing a fan blade from the supporting hub 
by using both mechanical and explosive means The re- 
leased blade travels radially outward in the flow path 
with velocities of several hundred feet per second Past 
experience has shown that when prior art hollow fan 



blades fracture at the outer portion of the dovetail at- 
tachment, the released blade will impact the leading 
edge of the adjacent blade following the released blade 
relative to the direction of rotation, hereinafter referred 
to as "following blade". The released blade may also im- 
pact the following blade at the trailing edge. As a result 
of the blade impacts, the following blade may fracture 
These fractures will initiate at or in close proximity to the 
points of impact. The fractures may lead to the loss of 
™ a major portion of the following blade 

[0007] In addition, the loss of a major portion of the 
following blade leads to additional imbalance in the en- 
gine, which requires strengthening of the engine struc- 
ture, including the containment system, the engine rotor 
and casing, the rotor bearing structures, the engine 
mounts and all the engine supporting structure including 
the wing and fuselage. 

[0008] There are several possible solutions to the 
problem of severed fan blades due to the impact of a 
released blade with adjacent blades. One solution 
would be the addition of stronger platforms between the 
blades. The platforms can be mounted on the hub be- 
tween the blades and as such, will not be an integral 
part of the blades. These platforms would offer resist- 
ance to the trajectory of the released blade as the re- 
leased blade would be prevented from travelling through 
the space occupied by the added platform. Thus, the 
primary impact with the following blade would be ab- 
sorted by the stronger platform. As a result, the trajec- 
30 tory of the released blade would be altered such that the 
released blade would secondarily impact the following 
blade further outboard of the span of the following blade 
The platform could delay the impact of the released 
blade upon the following blade and any possible fracture 
would also occur radially further outboard of the blade 
span. The resultant damage could thus be minimized as 
only a smaller portion of the following blade would be 
susceptible to loss. However, the addition of platforms 
between the hollow fan blades would have a significant 
impact on blade weight, fan performance and engine 
weight and thus be undesirable. Another possible solu- 
tion would be to increase the thickness of the spanwise 
ribs and add chordwise ribs locally in the impact regions 
of the blade. These rib structures would make the blade 
more rigid against chordwise deformation. However 
this structural reinforcement is less likely to prevent im- 
pact induced crack initiation, and may only have limited 
success in the prevention of subsequent crack propa- 
gation. 

» [0009] According to the present invention, a hollow 
fan blade is strengthened at predetermined locations 
corresponding to prospective locations of impact of the 
blade with successive rotating blades, such that the hol- 
low fan blade is less likely to fracture when impacted 
with a released blade. The risk of damage to the follow- 
ing rotating hollow fan blade is reduced as the blade is 
preferably strengthened by locally increasing certain re- 
gions of solidity in the leading edge and providing re- 
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gional buttresses adjacent the trailing edge to provide 
load distribution during an impact of a blade with suc- 
cessive rotating blades. 

[0010] Preferably, the hollow fan blade has a region 
of increased solidity which is located adjacent the lead- 
ing edge. This solid region of enhanced chordal thick- 
ness is located at a radial span where the impact with a 
released blade may occur. The strengthened region is 
able to withstand the impact with the released blade 
without the initiation of a crack. 
[0011] Another preferred characteristic of the present 
invention is a wall tapered in a chordwise direction be- 
tween the solid region of enhanced chordal thickness 
and the first hollow cavity adjacent the leading edge. 
The taper preferably decreases in thickness in the 
chordwise direction from the leading edge towards the 
trailing edge. This taper provides a gradual transition 
from the stiff solid region to the softer hollow cavity thus 
minimizing areas of stress concentrations in the airfoil. 
Cracking tends to occur primarily in areas of greatest 
stiffness discontinuity. By eliminating the high stress re- 
gions adjacent the impact region, the blade is less sus- 
ceptible to crack initiation or propagation. 
[001 2] Another preferred aspect of the present inven- 
tion is a strengthened area comprising regional but- 
tresses adjacent the trailing edge. In accordance with 
one particular preferred embodiment of the invention, 
the regional buttresses extend around a spanwise rib in 
the trailing edge region and adjacent the trailing edge. 
These buttresses provide strengthening and support to 
local areas prone to impact with a released blade. The 
reinforcement provided by the buttresses helps to dis- 
tribute impact loads and arrest any airfoil crack initiation 
or propagation. 

[0013] A primary advantage of the present invention 
hollow fan blade is its enhanced durability. The charac- 
teristics of the hollow fan blade of the present invention 
minimize the risk of blade fracture of a following hollow 
fan blade when a released blade impacts the following 
blade. Another advantage of this blade impact resist- 
ance design is the ease and cost of manufacturing 
blades with the aforementioned features. The impact re- 
sistant design may be manufactured using the same 
manufacturing procedures and tools used for prior art 
blades. Another advantage of the present invention is 
the decrease in the net weight of engine. The hollow fan 
blades themselves increase in weight due to the in- 
creased areas of solidity and buttresses. However, this 
increase in fan blade weight is more than offset by a 
decrease in the weight of associated engine structure 
needed for accommodation of engine imbalance loads. 
The present invention reduces the fan blade out loads 
throughout the engine by decreasing the release of 
blades during a blade loss condition. The loss of blades 
is responsible for imbalance loads at the rotor which get 
translated through the associated static engine struc- 
ture. By limiting the blade loss to the single released 
blade, the present invention requires less strengthening 



of the static engine structure which has to withstand less 
imbalance loads. Thus, this engine supporting structure 
which includes the fan containment system, the engine 
rotor, rotor bearing structure, the engine mounts, the 

5 wing and fuselage can be decreased in weight. 

[0014] A preferred embodiment of the invention will 
now be described, by way of example only, and with ref- 
erence to the accompanying drawings in which: 
[0015] FIG. 1 is a perspective view of an axial flow, 

10 turbofan gas turbine engine. 

[0016] FIG. 2 is an enlarged perspective view of the 
fan section of the engine of FIG. 1 showing a view of a 
prior art blade fracturing in the fan. 
[0017] FIG. 3 is a sectional view of a prior art blade. 

15 [0018] FIG. 4 is a sectional view of the hollow fan 
blade of the present invention blade. 
[0019] FIG. 5 is an elevation of the pressure side of a 
hollow fan blade viewed from the interior of the blade 
showing schematically the pressure side details accord- 

20 jng to the present invention. 

[0020] FIG. 6A is a section of the pressure side of the 
blade taken along the lines 6A-6A of FIG. 5. 
[0021] FIG. 6B is a section of the pressure side of the 
blade taken along the lines 6B-6B of FIG. 5. 

25 [0022] FIG. 6C is a broken perspective view of the 
leading edge region corresponding to the circled area 
6C shown in FIG. 5. 

[0023] FIG. 6D is a broken perspective view*of the 

trailing edge region corresponding to the circled area 6D 
30 shown in FIG. 5. 

[0024] FIG. 7 is an elevation of the suction side of a 

blade viewed from the interior of the blade showing 

schematically the suction side details according to the 

present invention. 
35 [0025] FIG. 8A is a section of the suction side of the 

blade taken along lines 8A-8A of FIG. 7. 

[0026] FIG. 8B is a section of the suction side of the 

blade taken along lines 8B-8B of FIG. 7. 

[0027] FIG. 8C is a broken perspective view of the 
40 trailing edge region corresponding to the circled area 8C 

shown in FIG. 7. 

[0028] Referring to FIG. 1 , an axial flow, turbofan gas 
turbine engine 1 0 comprises of a fan section 1 4, a com- 
pressor section 16, a combustor section 18 and a tur- 

45 bine section 20 disposed along longitudinal axis A,. A 
primary flow path 22 for working medium gases extends 
longitudinally along the axis A r The secondary flow path 
24 for working medium gases extends parallel to and 
radially outward of the primary flow path 22. 

50 [0029] The fan section 1 4 includes a stator assembly 
27 and a rotor assembly 28. The stator assembly has a 
longitudinally extending fan case 30 which forms the 
outer wall of the secondary flow path 24. The fan case 
has an outer surface 31 . The rotor assembly 28 includes 

55 a rotor disk 32 and a plurality of hollow blades 34. Each 
hollow blade 34 extends outwardly from the rotor disk 
32 across the working medium flow paths 22 and 24 into 
proximity with the fan case 30. Each hollow blade 34 
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has a root portion 36, an opposed tip 38, and a midspan 
portion 40 extending therebetween. 
[0030] FIG. 2 shows a blade of prior art fracturing in 
a fan in the axial flow gas turbine engine 10 shown in 
FIG. 1. The leading edge of the released blade impacts 
the following blade adjacent its leading edge. According 
to the present invention, it has been determined thatthis 
primary impact (not shown) occurs in a location approx- 
imately from fifteen percent (15%) to thirty-five percent 
(35%) of the radial span of the blade. A crack initiates 
usually in the following blade at this primary impact site. 
Due to loads imparted during the momentum exchange 
between the released blade and the following blade, the 
crack propagates along the boundary of a hollow cavity 
in the following blade. As the released blade moves cen- 
trifugally outward, most often, a secondary impact oc- 
curs between the released blade's trailing edge and the 
trailing edge of the following blade. This impact with the 
trailing edge of the following blade occurs about a half 
a millisecond (0.5 ms) after the primary impact between 
the leading edges. The secondary impact is located in 
a location approximately from twenty-four percent 
(24%) to thirty-six percent (36%) of the radial span of 
the blade. A crack (not shown) usually also initiates at 
the trailing edge impact site. The cracks propagate until 
a major portion of the blade is liberated. 
[0031 J Referring to FIG. 3, the hollow blade 34 of the 
prior art has a leading edge 50, a trailing edge 52, a 
pressure surface 54 and a suction surface 56. The hol- 
low blade is adapted to extend across the flow paths 22, 
24 for the working medium gases. The thin surfaces of 
the prior art blades are subject to damage by the impact 
of a released blade. The hollow airfoils are particularly 
susceptible to cracks because of stiffness discontinui- 
ties that are inherent therein. These stiffness disconti- 
nuities act as regions of high stress concentrations dur- 
ing blade impact. They occur in the abrupt transition ar- 
eas between the stiff solid leading edge and the softer 
hollow sections 71 -76 of the airfoil. 
[0032] Referring to FIG. 4, the hollow fan blade 34 of 
the present invention also has a solid leading edge 50 
and a solid trailing edge 52. A pressure surface 54 ex- 
tends chordwise 1rom the leading edge 50 to the trailing 
edge 52. The hollow fan blade 34 has span wisely ex- 
tending thickening ribs 66-70 disposed in the hollow 
cavity. Hollow cavities 71-76 are disposed between and 
defined by the spanwise stiffening ribs 66-70. The lead- 
ing edge has a solid region of enhanced chordal thick- 
ness 78. In the pressure surface 54, this region of in- 
creased solidity 78 tapers 80 with decreased thickness 
in the chordwise direction from the leading edge towards 
the trailing edge. 

[0033] In addition, the present invention has buttress- 
es adjacent the trailing edge which provide for additional 
support. In the pressure side 54, there are two buttress- 
es 82, 84 present (also shown in FIG. 5 and FIG. 6D). 
The buttress 82 is tapered with decreasing thickness in 
the chordwise direction from spanwise rib 70 toward 



spanwise rib 69. The buttress 84 has a height less than 
that of the spanwise ribs 66-70 but is uniform in height 
as it extends chordwisely from the spanwise rib 70 to 
the trailing edge 52. In the suction side 56, there are 
$ also two buttresses 86, 88 present (also shown in FIG. 
7and FIG. 8C). The buttress 86 is tapered with decreas- 
ing thickness in the chordwise direction from spanwise 
rib 70 toward spanwise rib 69. Buttress 88 tapers with 
decreasing thickness as it extends chordwisely from the 
io spanwise rib 70 to the trailing edge 52. Buttresses 82, 
84, 86, 88 each have expanded bases 94 (shown in FIG. 
5 and FIG. 7) adjacent the pressure 54 or suction 56 
surfaces of the airfoil respectively. 
[0034] During operation of the gas turbine engine, due 
'5 to loss of structural integrity in the root attachment 36 of 
the fan blades 34 to the hub 32, a blade loss condition 
may occur. This scenario is tested for as part of FAA 
certification requirements. The released blade travels 
across the fan blade passage with velocities of several 
zo hundred feet per second. 

[0035] The primary impact of the released blade on a 
following blade occurs at the leading edge in a location 
approximately from fifteen percent (15%) to forty per- 
cent (40%) radially outward of the pressure side blade 
& span. Due to the region of increased solidity 78 in the 
leading edge 50, approximately from fifteen percent 
(15%) to forty percent (40%) radially outward of the 
pressure side blade span, the blade withstands impact 
and no crack initiates. In addition, the chordwise taper 
30 80 of the region of increased solidity 78 in this impact 
region provides a gradual transition from the region of 
solidity to the first hollow cavity 71 . This further minimiz- 
es stress concentrations and geometric discontinuities 
between solid and hollow regions which propagate 
35 cracks. 

[0036] Thus, the risk of following blade airfoil fracture 
is minimized after the primary impact with a released 
blade. Further, as the released blade moves centrif ugal- 
ly outward, the trailing edge of the released blade im- 
40 pacts the trailing edge of the following blade. This trailing 
edge impact occurs approximately from twenty percent 
(20%) to forty percent (40%) radially outward of the 
blade span. Due to the presence of buttresses 82, 84, 
86, 88 in this location, no crack initiates in the airfoil as 
45 the buttresses have a larger surface area which absorbs 
and distributes any loads or stresses due to the second- 
ary impact with the released blade. Further, the buttress 
84 in the pressure side 54 hollow cavity 76 is construct- 
ed to be of uniform height as opposed to a taper of de- 
50 creasing thickness. This buttress 84 has to withstand 
the stress and strain of the trailing edge impact and its 
uniform thickness protects against crack initiation and 
propagation. The additional support provided by all the 
buttresses allows for the impact energy to be distributed 
55 over a larger area as the buttresses have expanded 
thicknesses 94 adjacent the airfoil surfaces. 
[0037] It should be noted that any disassociated frag- 
ments of the released blade and the released blade itself 



4 



7 



EP 0 902 165 A2 



8 



impact the fan containment case as they travel across 
the fan passage. The interaction with the containment 
case fractures the released blade into fragments which 
become entrapped within the engine, or which safely ex- 
it the engine via the fan duct. s 
[0038] A primary advantage of the present invention 
is that of durability. The present invention fan blade min- 
imizes the risk of blade fracture of a following fan blade 
when a released blade impacts the following blade. A 
further advantage of the present invention is the de- 10 
crease in the net weight of the engine. The hollow fan 
blades themselves increase in weight due to the 
strengthened areas such as the increased region of so- 
lidity and the buttresses. However, this increase in fan 
blade load is more than offset by a decrease in the 15 
weight of associated engine structure needed to accom- 
modate engine imbalance loads which would otherwise 
occur. The present invention reduces the fan blade out 
loads, in particular the rotor imbalance loads are re- 
duced by about twenty-five percent (25%), by decreas- sto 
ing the release of blades during a blade loss condition. 
The loss of blades is responsible for imbalance loads at 
the rotor that get translated throughout the associated 
engine structure. By limiting the blade loss to the single 
released blade, the present invention requires less 25 
strengthening of the engine structure which has to with- 
stand reduced imbalance loads. The associated struc- 
ture includes the containment system, the engine rotor 
and casing., the rotor bearing structures, engine mounts 
and engine supporting structure including the wing and 30 
fuselage. Another advantage is the ease and cost of 
manufacturing blades with the aforementioned features. 
The impact resistant design is manufactured using the 
same manufacturing procedures and tools used for prior 
art blades. Thus, it is cost effective to manufacture an 35 
impact resistant airfoil. 

[0039] Although the invention has been shown and 
described with respect to detailed embodiments thereof, 
it should be understood by those skilled in the art that 
various changes in form and detail thereof may be made 40 
without departing from the scope of the claimed inven- 
tion. 



Claims 45 

1 . A hollow blade (34) for use in an axial flow gas tur- 
bine engine (10), said blade having a leading edge 
(50) and a trailing edge (52) extending radially 
spanwise from a root portion (36) to a tip portion so 
(38) of said blade, said blade having a suction sur- 
face (56) and a pressure surface (54) extending 
chordwise from said leading edge to said trailing 
edge, said blade having a plurality of spanwise ribs 
(66,67,68,69,70) and a plurality of hollow cavities ss 
(71,72,73,74,75,76) disposed within the blade be- 
tween said ribs, said hollow blade characterized by: 
said blade being strengthened at discrete lo- 



cations corresponding to prospective locations of 
impact of said blade with successive rotating fan 
blades thereby reducing the risk of blade fracture. 

2. The hollow blade (34) according to claim 1 further 
characterized by: 

said strengthened blade comprising a region 
(78) of increased solidity adjacent the leading edge 
(50) and radially disposed approximately from fif- 
teen percent (15%) to forty percent (40%) radially 
outward from the root portion (36) of the blade. 

3. The hollow blade (34) according to claim 2 having 
a first hollow cavity (71) adjacent the leading edge 
(50) further characterized by: 

the region (78) of increased solidity tapering 
with decreasing thickness in the chordwise direc- 
tion from the leading to trailing edge (52) thereby 
providing a gradual transition from the region of in- 
creased solidity to the first hollow cavity so as in use 
to minimize stress concentrations and geometric 
discontinuities thereat. 

4. A hollow blade (34) according to any preceding 
claim further characterized by: 

buttresses (82,84,86,88) having an expanded 
thickness adjacent the pressure (54) and suction 
(56) surfaces, disposed adjacent the trailingxedge 
(52) and extending in the chordwise direction 
wherein in use the buttresses provide load absorp- 
tion and distribution during an impact of said blade 
with successive rotating blades. 

5. A hollow blade (34) according to claim 4 .further 
characterized by: 

at least one of said buttresses (88) tapering 
with decreasing thickness in the chordwise direc- 
tion from the spanwise ribs (70) to the trailing edge 
(52). 

6. A hollow blade (34) according to claim 4 or 5, further 
characterised by: 

at least one of said buttresses (82,86) taper- 
ing with increasing thickness in the chordwise direc- 
tion from the spanwise ribs (70) to the trailing edge 
(52). 

7. A hollow blade (34) according to claim 4, 5 or 6 fur- 
ther characterized by: 

at least one of said buttresses (84) being of 
uniform height and extending in the chordwise di- 
rection from the spanwise ribs (70) to the trailing 
edge (52). 

8. A hollow blade (34) according to any of claims 4 to 
7 further characterized by: 

said buttresses (82,84,86,88) being provided 
on either side of a spanwise rib (70). 
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9. A hollow blade according to any of claims 4 to 8 fur- 
ther characterized by: 

said buttresses (82,84,86,88) being located 
approximately from twenty percent (20%) to forty 
percent (40%) radially outward of the blade span. 5 

10. A hollow blade (34) as claimed in claim 1, said hol- 
low blade being strengthened by: 

a region (78) of increased solidity adjacent the 10 
leading edge (50) and radially disposed ap- 
proximately from fifteen percent (15%) to forty 
percent (40%) outward from the root portion 
(36) of the blade, the region of increased solid- 
ity tapering with decreasing thickness in the ?5 
chordwise direction from the leading edge to 
the trailing edge (52); and 
at least one buttress (82,84,86,88) having an 
expanded thickness adjacent the pressure (54) 
and suction (56) surfaces, disposed adjacent 20 
the trailing edge and extending in the chordwise 
direction and located approximately from twen- 
ty percent (20%) to forty percent (40%) radially 
outward of the blade span, 

whereby in use the risk of blade fracture due to 2s 
impact of said blade with successive rotating 
fan blades is reduced by the strengthened 
blade. 

30 
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